Sodium channels play an important role in action potentials. Moreover, some evidences recently suggested that sodium channels were responsible for murine sinoatrial node pacemaking. The aim of this study was to investigate the role of sodium channels in pacemaking in embryonic cardiomyocytes in early development stage (EDS). Whole-cell patch-clamp technique was employed to record sodium current of murine early embryonic cardiomyocytes. Current clamp technique was used to record the effect of 0.1, 1 and 10 μM tetrodotoxin (TTX) on embryonic cardiomyocytes pacemaking. Electrophysiology properties of sodium channels in embryonic cardiomyocytes corresponded to Na v 1.5, and the IC 50 of TTX was 5.24 μM. TTX at 0.1 μM concentration had no effects on the pacemaking. TTX at 1 μM concentration, however, dramatically slowed the spontaneous beating rate from 73.975 ± 10.478 to 50.268 ± 10.476 cycle/min (P < 0.05), and the maximum upstroke velocity (dV/dt max ) of phase 4 from 0.074 ± 0.006 to 0.046 ± 0.007 V/s (P < 0.01). Furthermore, 1 μM TTX reduced the dV/dt max of phase 0 from 16.405 ± 0.056 to 12.801 ± 0.084 V/s (P < 0.01), and increased the period of phase 4 from 710.342 ± 110.983 to 1320.618 ± 250.483 ms (P < 0.05). TTX at 1 μM also had some effects on the peak of phase 0 decreasing it from 40.621 ± 3.012 to 37.407 ± 2.749 mV (P < 0.05). But TTX at 1 μM had no effects on the period of phase 0. In some cells (9/13), TTX at 10 μM caused complete cessation of spontaneous action potentials. Our results suggested that the main expression subtype of sodium channels was Na v 1.5 of early embryonic cardiomyocytes. And TTX-resistant sodium channels contributed to the initiation of action potentials of early embryonic cardiomyocytes, while TTX-sensitive sodium channels were not involved in initiation of action potentials.
Introduction
Recently, some evidences suggested that sodium channels were responsible for murine sinoatrial node pacemaking (13, 17, 18) and rate-dependent repolarization of the canine ventricle (29) . Satin et al. (20) have shown that the Na v 1.5 Na + channel is important for initiating spontaneous excitability in human embryonic stem cell (hES)-derived heart cells in that 3 μM tetrodotoxin (TTX) could induce longer action potential (AP) interpulse intervals and 10 μM TTX could cause cessation of spontaneous APs. Moreover,
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TTX could significantly reduce stimulated dV/dt max and slow conduction velocity. In early developing mouse myocardium, in contrast to hES-CMs, it was thought that pacemaker cells among the embryonic cardiomyocytes started with a "primitive" pacemaker AP that was probably generated by only two ionic currents, I Ca,L and I k,to (9, 12) , or even just by intracellular Ca 2+ oscillations (19, 24) . However, whether Na + channel is responsible for the pacemaking of EDS (early development stage)-embryonic heart cells, has not been reported.
The cardiac Na + channel (termed Na v 1.5) is expressed in relatively high density on surface membrane of mature heart cells in atria and ventricle (28) . Despite high Na v 1.5 expression, these cell types are not normally automatic because a high density of inward rectifier K + channels (kir) clamps the membrane potential to a value near the K + reversal potential. At such hyperpolarized potentials, the open probability of the Na + channel approaches 0. In quiescent mature heart cells, the initiating depolarization originates from neighboring cells via gap junctions. At the EDS of embryonic cardiomyocytes, however, the expression of inward rectifier K + channels (kir) is either absent (3) or is very low, and the expression of the Na + channel is abundant (27) . The phenomenon provides the substrate for a relatively large voltage-gated Na + current to drive activity.
The present study aimed to investigate the role of sodium channels in the spontaneous excitability of early embryonic cardiomyocytes.
Materials and Methods
Materials
Collagenase type B (Roche, Mannheim, Germany) at 1 g/l was dissolved in PBS solution, which was sterilized by filtration using a 0.22 μm membrane, and stored at -20°C. TTX (Sigma, St. Louis, MO, USA) was dissolved in distilled water and diluted to final concentrations when used. Nifedipine (Sigma) was dissolved in dimethyl sulphoxide (DMSO, final DMSO concentration was < 0.1%) and stored at 4°C in the dark.
Cell Isolation and Culture
Female pregnant Kunming mice (Grade II, Certificate No. 19-023) of 8-12 weeks old were supplied by the Medical Experimental Animal Center, Tongji Medical College, Huazhong University of Science and Technology. Embryos of 9.5-12.5 d were considered as early developmental stage. Briefly, pregnant mice were killed by cervical dislocation, and embryos were removed from the uterus and placed in a low calcium solution containing (in mM) NaCl 120, KCl 5.4, MgSO 4 5, sodium pyruvate 5, glucose 20, taurine 20, HEPES 10, pH adjusted to 6.9 with NaOH at 4°C. Then the hearts were dissected from the embryos and placed in eppendorf tubes containing 1 g/l collagenase B to digest at 37°C for 30 ± 5 min in quiescence. The digestion process was terminated by adding KB solution containing (in mM) KCl 85, K 2 HPO 4 30, MgSO 4 5, edetic acid 1, Na 2 ATP 2, sodium pyruvate 5, creatine 5, taurine 20, and glucose 20 and pH was adjusted to 7.2 with KOH or DMEM medium. Isolated cells were cultured on 0.1% gelatin-coated glass coverslips in culture medium containing Dulbecco's modified Eagle's medium (Gibco, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum at 37°C in a 5% CO 2 incubator for 24-48 h before current recording as previously described by Song et al. (21, 22) .
Patch-Clamp Recordings
The glass coverslips with cultured cells were placed in a temperature-controlled (37 ± 0.3°C) recording chamber mounted on the stage of an inverted microscope (Zeiss, Germany) and continuously superfused with Tyrode's solution containing (in mM) NaCl 140, NaOH 2. 3 adjusted with KOH. Patch pipettes were prepared from glass capillary tubes by a two-step vertical puller. I Na was elicited by a depolarizing pulse from -90 to +60 mV with 10 mV increments from a holding potential of -120 mV. However, when investigating the effects of TTX on Na + currents, the test pulses were from -80 to +60 mV with 10 mV increments from a holding potential of -80 mV. The external and internal solutions contained Cs + , tetraethylammonium and Cs + , respectively, to effectively block K + current when recording I Na . Nifedipine at 3 μM was applied in the external solution to block Ca 2+ current. Cell membrane capacitance (Cm) was determined on-line using the ISO2 acquisition software program.
Voltage Protocols
For the steady-state activation protocol, Na + currents were elicited by a series of 50-ms depolarizing pulses applied from a holding potential (HP) of -120 mV, in 10 mV increments between -90 and +60 mV (Fig. 1 ). For steady-state activation curves, the Boltzmann equation was fitted to these data: G/G max = 1/{1+exp [(V 1/2 -V m )/k]}, where G max is the maximal peak Na + conductance, and V 1/2 and k are the voltage of half activation and slope factor, respectively. The steady-state inactivation protocol was from a HP of -120 mV, a 100 ms conditioning prepulse applied in 10-mV increments between -120 and 20 mV, followed by a 10-ms test pulse to -30 mV (Fig. 2) . For steady-state inactivation curves, the following equation was fitted to these data to produce the least-squares fit curves: I/I max = 1/{1+exp[(V m -V 1/2 )/k]}, where V 1/2 is the voltage of half inactivation, and k is the slope factor. 
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Data Analysis
Currents were normalized to membrane capacitance to calculate current densities. Data were expressed as mean ± SEM. Statistical analysis of paired t-test was used to consider the effects of application of drugs. P < 0.05 values were considered significantly different. Graphics and statistical data analysis were carried out by Sigmaplot software.
Results
Sodium Channels' Electrophysiology Properties of Early Embryonic Heart
The ionic current of sodium channels elicited by an I-V curve protocol is shown in Fig. 1A . The mean peak inward, maximally available current density for a test potential of -30 mV was -25 to -45 pA/pF (30 mM Na + , n = 21). The voltage 'threshold' for I Na activation, when the current became detectable, was -70 to -60 mV; the maximal activation voltage (midpoint) was about -30 mV and the reverse potential was about 30 mV (Fig. 1B, n = 12) . A detailed kinetic analysis of I Na was performed (Fig. 2) . The V 1/2 and k of steady-state activation curve and steady-state inactivation curve were V 1/2 = -41.76 mV, k = 4.51 and V 1/2 = -72.86 mV, k = -7.98, respectively. These are well-established characteristic of mammalian cardiac Na + channel current (Na v 1.5). Thus, the steady-state activation kinetics and voltage dependencies strongly suggested the expression of Na v 1.5 channels in EDS of embryonic cardiomyocytes (9.5-12.5 d). There was an overlap of the steady-state inactivation and steadystate activation curves from -60 to -40 mV (Fig. 2) . The potential range of this overlap coincided with that of latter phase of the spontaneous diastolic depolarization.
Effects of TTX on Early Embryonic Cardiomyocytes
TTX, a specific blocking agent of I Na , produced a concentration-dependent inhibition of I Na . The inhibition rations of 0.1, 1, 10 and 50 μM TTX were 2.00 ± 0.1%, 13.12 ± 2.5%, 65.50 ± 2.1% and 90.04 ± 1.1%, respectively. The Marquardt-Levenberg method of (Fig. 3B) .
Effects of TTX on Early Pacemaking of Embryonic Cardiomyocytes
To address the roles of I Na in embryonic cardiomyocyte pacemaking in EDS, nano-or micro-molar concentrations of TTX were applied to the embryonic cardiomyocytes at 0.1 and 1 μM TTX concentrations (Table 1) . TTX at 0.1 μM had no effects on the pacemaking. TTX at 1 μM, however, remarkably slowed the spontaneous beating rate from 73.975 ± 10.478 Each bar is expressed as the mean ± SEM. *P < 0.05, **P < 0.01 indicate a significant difference as compared with the vehicle control. Fig. 4B ) and the maximum upstroke velocity (dV/dt max ) of phase 4 from 0.074 ± 0.006 to 0.046 ± 0.007 V/s (P < 0.01) (Fig. 5B, left panel) . Furthermore, 1 μM TTX reduced the dV/dt max of phase 0 from 16.405 ± 0.056 to 12.801 ± 0.084 V/s (P < 0.01, Fig. 6A ) and increased period of phase 4 from 710.342 ± 110.983 to 1320.618 ± 250.483 ms (P < 0.05, Fig. 5B, right panel) . TTX at 1 μM also had some effects on peak of phase 0, reducing from 40.621 ± 3.012 to 37.407 ± 2.749 mV (P < 0.05, Fig.  6B ). But TTX at 1 μM had no effects on period of phase 0 (Fig. 6C ). TTX at 10 μM caused cessation of spontaneous APs accompanied by a slow steady depolarization to about -40 mV (Fig. 8) .
Effects of Calcium Channels on Early Embryonic Cardiomyocyte Pacemaking
TTX had a little effect on peak of phase 0, and the dV/dt max of phase 0 was only about 10 V/s (Fig.  6 ). This suggests that calcium channels maybe contribute to the phase 0. To test this hypothesis, 2 μM nifedipine was added to the embryonic cardiomyocytes (Fig. 7) . Results showed that 2 μM nifedipine reduced the peak gradually and eventually stopped automaticity. This suggests that calcium channels rather than sodium channels play an important role in the phase 0 of APs of early embryonic cardiomyocytes.
Discussion
The pluripotency and indefinite proliferative capacity of embryonic stem (ES) cells make them a promising candidate for the cell replacement therapy in cardiovascular diseases (4), so it is very useful to study the physiology characteristics of ES cells and embryonic cardiomyocytes. This study describes the characteristics of Na + channels of early embryonic cardiomyocytes. We focused on voltage-gated Na + channel currents because of the sensitivity of spontaneous beating to TTX, and the prominent expression of I Na (6, 8, 27) . Electrical activity of embryonic cardiomyocytes is sensitive to TTX at concentration known to block the cardiac Na + channel (Na v 1.5) (2). The voltage dependence, reaction to TTX and kinetics of early embryonic cardiomyocyte I Na were consistent with the function of murine Na v 1.5 channel, and the expression was abundant at -25 to -45 pA/pF, 30 mM Na + , in agreement with the report of Haufe et al. (8) . However, Kaufmann et al. (11) reported that TTX-sensitive sodium channel alpha subunits were expressed in neonatal myocytes in addition to the predominant TTX-resistant Na (v) 1.5 alpha subunit and they contributed to the total sodium current. The discrepancy may have arisen from technical defects such as staining artifacts or lack of antibody specificity, or species differences. Differences in the methods used by our group and by Kaufmann et al. (11) also should be considered. In the study by Kaufmann et al. (11) immunohistochemistry and patch-clamp measurements were used. Both methods could not show functional expression in terms of contribution to action potential generation. In contrast to Kaufmann et al. (11) , in the present study we used current-clamp to measure action potentials in mouse cells and found that TTX-sensitive Na + channels did not play a functional role. Although the properties of Na v 1.5 are not appropriate for pacemaking, the expression density is relatively high (3, 10) . And the paucity of inward rectifier channels creates a high input resistance surface membrane (3) . As a consequence, only a few open channels may be sufficient to bring the developing heart cells to AP threshold. Moreover, there was an overlap of the activation and inactivation curves at -60 to -40 mV (Fig. 2) . The potential range of this overlap coincideed with that of the spontaneous diastolic depolarization, and this phase of diastolic depolarization was sensitive to TTX blockage. Taken together, these data suggest that I Na openings with this negative potential range are critical for pacemaking activity. The TTX half-block concentration was 5.24 μM (Fig. 4) , which corresponded to the widely-cited range of 0.4-6 μM for half-block of I Na (5) .
In murine sinoatrial node, cells are spontaneously active due to expression of a mixture of ion channels that includeed I Ca,T , I f (23, 25) , I Na-Ca , and the absence of significant Kir expression (3) . Recently, studies have shown that a TTX-sensitive Na + channel also contributes to spontaneous AP initiation (13, 17, 18) . In early embryonic cardiomyocytes, however, 0.1 μM TTX did not affect pacemaking, in contrast to these reports. But in some cells, 10 μM TTX induced quiescence suggesting that TTX-resistant rather than TTXsensitive Na + channels were involved in initiation of action potentials in these embryonic cardiomyocytes, in agreement with Zimmer et al. (30) . It has been established that in mature murine heart cells, 30 μM TTX, or at even higher concentrations, is needed to completely block I Na . The discrepancy may have arisen from the protocol dependence of the degree of blockage. TTX blockage of Na + channel is sensitive to both external Na + concentration and channel-state dependence (5). The MDP of early embryonic cardiomyocytes is never more negative than -60 mV (7) implying that in early embryonic cardiomyocytes, the majority of Na + channels are steady-state inactivated. Hence, lower TTX concentrations than that required for the fully available half-block level are required to inhibit spontaneous AP initiation. However, there were some cells still beating in the presence of 50 μM TTX, or at even higher concentrations (date not shown). These results show that currents other than I Na are also involved in pacemaking.
The membrane current I f plays a prominent role in pacemaking in the adult sinus node and the Purkinje system. However, there is a controversy on whether I f plays an important role in pacemaking in embryonic heart. At the early stage (9.5 days postcoitum), there is a prominent I f in mouse embryonic ventricles, which decreases by 82% before birth in concert with the loss of regular spontaneous activity of ventricular cells (25) . Additionally, Stieber and his colleagues found that mice lacking HCN4 channels globally, as well as mice with a selective deletion of HCN4 in cardiomyocytes, died between embryonic days 9.5 and 11.5 (23) . In contrast to these reports, Satin et al. concluded that HCN activity was not a requirement for spontaneous AP upstroke initiation (20) . TTX had some effects on peak of APs, and the maximum upstroke velocity of phase 0 was only about 10 V/s, so we presume calcium channels (14) (15) (16) play an important role in phase 0, as in mature sinoatrial node cells. Nifedipine at 2 μM reduced APs' peak gradually and eventually the cell stopped automaticity (Fig. 6 ). After wash, the cells gradually recovered from cessation. The effects of nifedipine may be partially due to its blocking effect of cardiac Na + channels (26) . But these data do not exclude an important contribution of calcium channels to the phase 0 of APs.
In conclusion, data of this work indicate that the main expression subtype of sodium channels of early embryonic cardiomyocytes is Na v 1.5, and TTX-resistant Na + channels contribute to the initiation of action potentials in the early embryonic cardiomyocytes.
